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Transient-receptor-potential channels (TRPs) underlie the sensing of chemicals, heat, and mechan-
ical force. We expressed the rat TRPV1 and TRPV4 subtypes in yeast and monitored their activities
in vivo as Ca2+ rise using transgenic aequorin. Heat and capsaicin activate TRPV1 but not TRPV4
in yeast. Hypotonic shocks activate TRPV4 but not TRPV1. Osmotic swelling is modeled to activate
enzyme(s), producing polyunsaturated fatty acids (PUFAs) to open TRPV4 in mammalian cells. This
model relegates mechanosensitivity to the enzyme and not the channel. Yeast has only a single D9
fatty-acid monodesaturase and cannot make PUFAs suggesting an alternative mechanism for TRPV4
activation. We discuss possible explanations of this difference.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The seven subtypes of transient-receptor-potential channels
(TRPs) are sensors of temperature, mechanical force, noxious chem-
icals, and are key elements in some G-protein-coupled receptor
(GPCR)-mediated signal transductions [1,2]. Among the TRPV
(vanilloid) subtype, TRPV1 is best known to respond to noxious
heat and its surrogate capsaicin, and TRPV4 to hypotonic shocks
[3,4]. All TRPs are promiscuous and can be activated by multiple
means. Rat TRPV4 expressed in cultured mammalian cells can be
activated by polyunsaturated fatty acids (PUFAs) [5,6], phorbal es-
ters [5], warm temperatures [7–9], and hypotonic shock [3,4]. Plac-
ing a mammalian TRP channel in cultured mammalian cells
provides it with a similar environment, likely preserving much of
its physiology. However, such an environment is complicated, pre-
sumably having the channel in a complex network of native regu-
lators, potentially making it difﬁcult to tease apart the precise
molecular mechanism by which speciﬁc stimuli lead to channel
opening. This is particularly difﬁcult for stimuli such as tempera-
ture, which has profound global effects on cell metabolism. Like-
wise, osmotic swelling over minutes globally induces many
processes, making it difﬁcult to know whether a TRP activation ischemical Societies. Published by E
lecular Biology, University of
53706, United States.
.due directly to membrane swelling itself or by a downstream con-
sequence of swelling. Indeed, there is evidence that swelling acti-
vates enzyme(s) that produce PUFAs to activate TRPV4 in HEK
cells [5,6]. We expressed rat TRPV1 and TRPV4 in yeast where the
rat channels are much less likely to be affected by multiple regula-
tory network as in animal cells. Thus, yeast expression may make it
easier to fathom the channels’ ownmolecular properties. We found
that the yeast expression faithfully reproduces some key features:
rat TRPV1 being sensitive to heat and capsaicin; TRPV4 to hypo-
tonic shock. However, TRPV4 does not respond to warmth in yeast,
as it was sometime reported to do in HEK cells [7–9]. Interestingly,
there also seems to be another mechanism for TRPV4 activation by
hypotonicity since yeast does not make PUFAs.2. Materials and methods
2.1. Yeast strains and media
All experiments were conducted on BYYT, a yvcl tokl deriva-
tive of BY4742 (MATa, ura3D0, his3D1, leu2D0, lys2D0, yvcl::HIS3,
tok1::kanMX4). Cells were cultured using a 30 C shaker in leu,
ura ‘‘DCD” medium [10], which was supplemented with 1 M sor-
bitol in the case of the hypotonic shock experiments. Cells modify
the medium as they grow, so the actual total osmolarity was
directly measured before shock. All cells were transformed withlsevier B.V. All rights reserved.
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as well as ura-selectable TRP-channel-expressing plasmids.
p416GPDV4 was created by amplifying the rTRPV4 ORF by PCR
from a cDNA clone generously supplied by W. Liedtke and sub-
cloned into the vector p416GPDGFP, a derivative of the centro-
meric yeast expression vector p416GPD [12]. rTRPVl, a generous
gift of D. Julius, was similarly subcloned into p416GPDGFP to make
the plasmid p416GPDV1. The M680K ﬁlter mutation of TRPV4 was
generated by standard PCR site-directed mutagenesis techniques.
All plasmids were transformed into BYYT by electroporation [13].
2.2. Luminometry
Luminometry was as described [11]. For hypotonic shocks, the
osmolarity of the culture and other solutions were measured with
a Wescor 5500 Vapor Pressure Osmometer (Logan, UT, USA). 20 lL
of cell culture was place in a tube in the luminometer and shocked
with 200 lL of a solution containing between 500 mM and
100 mM NaCl and 25 mM NaEGTA or NaMES (pH 7.2). For the cap-
saicin experiments, 20 lL cultures were exposed to 200 lL DCD
media containing 10 lM capsaicin (Cayman Chemical Company,
Ann Arbor, MI, USA). Heat responses were evoked by injecting
1 ml of pre-warmed DCD media, measured with a thermocouple
to 0.1 C accuracy, onto 50 lL cells. The temperature of the injec-
tant was measured directly with a thermocouple.
3. Results
3.1. Hypotonic stress mobilizes Ca2+ through TRPV4 in yeast
We used transgenic aequorin to follow the activity of rat TRPV4
expressed in yeast cells deleted of their native TRP-channel geneFig. 1. Rat TRPV4 expressed in yeast respond to hypotonic shock. (A) A diagram showin
were ﬁrst transformed with a plasmid that produces aequorin to monitor cytoplasmic Ca
TRPV4 gene. The transformed yeast culture was monitored with a luminometer and was
triggers a large luminescence increase (in relative luminescence units, RLU) in TRPV4 t
TRPV4 with a mutation in its ion ﬁlter (M680K). All shocks were in the presence of 25
between hypotonic shock and the peak response (Mean ± S.D., n = 3). Measurements fro(yvc1) [11] (Fig. 1A). A 750-mOsM hypotonic shock from 1400 to
650 mOsM causes a rise of cytoplasmic Ca2+ peaking within
1 min of TRPV4 transformants (Fig. 1B). Such a robust response
has been repeatedly observed (n > 50). The peak response is pro-
portional to the degree of hypotonic shock above 500 mOsM
(Fig. 1C). Empty-plasmid transformants gave little response
(Fig. 1B and C). Transformants with an M680K mutation in the
channel ﬁlter that blocks conduction [14] also gave little response,
strongly indicating that the hypnotically induced Ca2+ ﬂux is due to
TRPV4 channel activity (Fig. 1B and C). rTRPV4 does not affect
aequorin production: no difference in luminescence measured
after digitonin permeation was seen between cultures expressing
the empty or the experimental plasmids (data not shown). Like
that of the native Yvcl [10], the rTRPV4 response required yeast
cells to be in a post-logarithmic state of growth.
3.2. TRPV4 releases Ca2+ exclusively from internal store(s)
EGTA (25 mM) was included in the solutions in the above
experiment (Fig. 1B and C), indicating that Ca2+ there was released
from an internal store(s). Presence of 25 mM MES or 25 mM EGTA
made little difference to the response of 750 mOsM shock, indicat-
ing that the Ca2+ is entirely from internal release (Fig. 2A). Stronger
(950 mOsM) hypotonic shocks, however, induce in the TRPV4
transformant as well as the empty-plasmid control a chelatable
component (Fig. 2B) [11,15], which may reﬂect the 35-pS mechan-
ically activated conductance in the yeast plasma membrane [16].
Direct addition of 10 lM PUFA 5060-epoxyeicosatrienoic acid or
10 lM 4a-phorbol 12,13-didecanoate elicited no response [5], pre-
sumably because they cannot access the internal membranes over
the course of the experiments (data not shown). GFP-tagged
TRPV1, when visible, labels the cell periphery uniformly as a faintg the experimental methods, modiﬁed from [11]. Yeast cells (in yvc1D background)
2+ by luminescence. They were then transformed with a CEN plasmid bearing the rat
hypotonically shocked by dilution. (B) A 750 mOsM hypotonic shock (arrow heads)
ransformants, but not in transformants of an empty plasmid, or plasmid bearing a
mM EGTA. Cells in post-logarithmic phase of growth. (C) A dose-response relation
m 2.4  106 cells each.
Fig. 2. TRPV4 signal is independent of external Ca2+. (A) The response to a milder 750 mOsM hypotonic shock of TRPV4-expressing yeast cells is not signiﬁcantly increased by
replacing EGTA (black) with MES (grey) in the buffer. (B) For a stronger shock (950 mOsM), signiﬁcant non-V4 (‘‘empty plasmid”) responses occur in the absence of EGTA
(grey). This non-V4 response is similarly evident in the additional response of the TRPV4 transformant in the absence of EGTA compared to the presence (black). 2.4  106
cells per test.
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GFP-tagged wild-type nor the M680K TRPV4 shows any discern-
able peripheral signal. Labels, when detected, are all internal. In
some cases, they are in small particles reminiscent of the ER-asso-
ciated compartment (ERAC) [17] often induced by the over-expres-
sion of foreign proteins (data not shown).
3.3. Stimulus-appropriate responses from TRPV1 and TRPV4
For comparison, we have also expressed in yeast the rat TRPV1,
which responds to capsaicin addition (Fig. 3A, black). TRPV1 is
apparently located largely in the plasma membrane of yeast [18],
since external EGTA addition removes the signal (Fig. 3A, red).
Hypotonic shock did not induce signiﬁcant Ca2+ release through
TRPV1 in logarithmic (Fig. 3B, black) or post-logarithmic cells (data
not shown) in the presence or absence (not shown) of EGTA. Con-
versely, the TRPV4 transformants responded to hypotonic shock
(Fig. 3B, blue). They did not respond to capsaicin either in logarith-
mic (Fig. 3A, blue) or post-logarithmic phase (not shown). Presence
of 10 lM ruthenium red, the TRP-channel blocker [19], had no ef-
fect on the hypoosmotic response of TRPV4-expressing cellsFig. 3. The responses of TRPV1 and TRPV4 to capsaicin and to hypotonic shock. (A) 10
removed by the addition of 25 mM EGTA (red). The presence of 10 lM ruthenium red (gr
to capsaicin (blue). 0.5  106 cells per test. (B) 750-mOsM shock activates post-logarith
10 lM ruthenium red (blue) has no effect on this response. 2.4  106 cells per test.(Fig. 3B, green), further indicating TRPV4’s internal localization,
but blocked the capsaicin response in TRPV1-expressing cells
(Fig. 3A, green), showing that the cell wall is not a barrier for com-
pounds such as ruthenium red.
3.4. Heat does not activate TRPV4 in yeast
As shown in Fig. 4, TRPV4-expressing yeast cells do not respond
to heat above background (empty-plasmid control). On the other
hand, TRPV1-expressing cells respond to noxious heat above
40 C. As was the case with the capsaicin responses, the TRPV1 re-
sponse is only evident with logarithmic but not post-logarithmic
cultures, where neither TRPV1 nor TRPV4 responded to heat (data
not shown).
4. Discussion
The internal localization of TRPV4 made ineffective the external
application of PUFAs, 4aPDD, and ruthenium red. In want of phar-
macological evidence, our claim that the Ca2+ luminometry re-
sponse is indeed that of TRPV4 rests on two other types oflM capsaicin activates TRPV1 yeast tranformants (black). This signal is completely
een) also blocked the response completely. TRPV4 transformants show no response
mic transformants of TRPV4 (blue) but not TRPV1 (black) or empty plasmid (red).
Fig. 4. Noxious heat above 45 C causes a clear increase in cytoplasmic Ca2+ in TRPV1 transformants (upper three traces in each panel), whereas TRPV4 transformants (grey
traces) do not have a response greater than yeast transformed with empty-plasmid (bottom black traces). All cultures were in logarithmic phase of growth. Heat is given as an
estimate of the initial temperature at the point of injection (see Section 2), but little difference in the actual temperature between samples existed as evidenced by the
consistency in responses, which are shown in triplicate. 1.2  106 cells per test.
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ty, resembling TRPV4’s responses in live worm, in mammals, and in
cultured mammalian cells. Genetically, the response is absent with
empty plasmid or when a point mutation is engineered at the ﬁlter
of TRPV4.
PUFAs are needed for worm olfactory and nociceptive signaling
with Osm-9, a TRPV homolog [20]. The speciﬁc PUFA, 50,60-epoxye-
icosatrienoic acid (50,60-EET), not its isomers, is needed in hypo-
tonic but not chemical or heat activation of TRPV4 in HEK cells
[5,6]. It was proposed that hypotonic swelling activates phospholi-
pase A2, releasing 50,60-EET to activate TRPV4 [6,21]. The Saccharo-
myces cerevisiae genome was sequenced in 1996, ﬁrst among
eukaryotes [22]. It has only a single fatty-acid desaturase, Ole1p,
which produces A9 monounsaturated fatty acids [23,24]. Yeast
can take in polyunsaturated phospholipids from the medium, but
the cells were cultured without lipid supplement here. Yeast also
could not have made PUFAs from such lipids, even if supplied, since
it also lacks phopholipase A2 for the necessary hydrolysis. Our
ﬁndings therefore show that hypotonic shocks can activate TRPV4
without PUFAs, including 50,60-EET in some context.
It is formally possible that hypotonic swelling produces an ele-
ment in yeast that activates TRPV4 in place of PUFA. However, it
seems unlikely that yeast has an element that can fulﬁll the strin-
gent chemical speciﬁcity of 50,60-EET [5]. It is also possible that
PUFA relieves TRPV4 from an innate inhibition in the mammalian
membrane, which is absent in the yeast membrane. Yet another
possibility is that TRPV4 itself senses the forces from the mem-
brane. PUFAs have been shown to change the internal force proﬁleof lipid bilayer in molecular dynamics simulation [25]. It has also
been proposed that PUFAs enter the two monolayers differentially
straining the bilayer to activate TREK1, the mechanosensitive two-
pore-domain K+ channel [26], as in the activation of MscL by
amphipaths [27]. The yeast membrane has a different composition
and may have an internal force proﬁle that can activate TRPV4
without the need of PUFA addition. Further experimentations,
including direct patch clamping of TRPV4 in yeast membrane, will
be needed to test these possibilities.
The expression of TRPV4 in internal membrane(s) hampers di-
rect patch-clamp examination in yeast. Trafﬁc convolution is
apparently a fairly common problem in heterologous expression.
E.g. much of TRPV4 transiently expressed in HEK cells is found in
intracellular membranes, while that in stably transformed cells in
the plasma membrane [7]. TRPML1 and 3, normally expressed in
endosomal and lysosomal membranes [28], are found in the plas-
ma membrane when expressed in HEK cells [29]. Some re-routing
of TRPV4 may be necessary in future investigations of TRPV4 in
yeast. As to the in vivo assay here, water entry should swell the
cytoplasm as well as the organelles therein. That a stronger shock
is required to activate TRPV4 in yeast than in HEK cells may simply
reﬂect the difference in cytology and TRPV4 location.
Myers et al. [18] has shown that TRPV1 in a multicopy 2l plas-
mid stops yeast growth, when capsaicin is applied. Here, we show
the time course of TRPV1 activation upon capsaicin addition in
yeast cells transformed with TRPV1 in a centromeric plasmid
(Fig. 3A). That TRPV1 is a heat sensor is well established. Whether
heat activates TRPV4, however, is controversial [3–5,7,8,30]. Our
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lian cells, is not a heat sensor (Fig. 4). Such an isolation from the
complex network of neighboring mammalian elements offers a
particular advantage to study mechanical force and heat, which,
unlike speciﬁc ligands, are blunt stimuli, capable of inﬂuencing
multiple regulatory pathways that indirectly impact promiscuous
TRP channels.Acknowledgements
We thank Drs. Y. Saimi, Xin-liang Zhou, W. John Haynes, and
Daniel Balleza for critical comments of our manuscripts. rTRPV4
and rTRPV1 were generous gift of W. Liedtke and D. Julius,
respectively. Supported by NIH GM047856 and the Vilas Trust of
the University of Wisconsin, Madison.References
[1] Clapham, D.E., Montell, C., Schultz, G. and Julius, D.and International Union of
Pharmacology (2003) International Union of Pharmacology. XLIII.
Compendium of voltage-gated ion channels: transient receptor potential
channels. Pharmacol. Rev. 55, 591–596.
[2] Ramsey, E.S., Delling, M. and Clampham, D.E. (2006) An introduction to TRP
Channels. Ann. Rev. Physiol. 68, 619–647.
[3] Liedtke, W. et al. (2000) Vanilloid receptor-related osmotically activated
channel (VR-OAC), a candidate vertebrate osmoreceptor. Cell 103, 525–535.
[4] Strotmann, R., Harteneck, C., Nunnenmacher, K., Schultz, G. and Plant, T.D.
(2000) OTRPC4, a non-selective cation channel that confers sensitivity to
extracellular osmolarity. Nat. Cell Biol. 2, 695–702.
[5] Watanabe, H., Vriens, J., Prenen, J., Droogmans, G., Voets, T. and Nilius, B.
(2003) Anandamide and arachidonic acid use epoxyeicosatrienoic acids to
activate TRPV4 channels. Nature 424, 434–438.
[6] Vriens, J., Watanabe, H., Janssens, A., Droogmans, G., Voets, T. and Nilius, B.
(2004) Cell swelling, heat, and chemical agonists use distinct pathways for the
activation of the cation channel TRPV4. Proc. Natl. Acad. Sci. USA 101, 396–
401.
[7] Guler, A.D., Lee, H., Iida, T., Shimizu, I., Tominaga, M. and Caterina, M. (2002)
Heat-evoked activation of the ion channel, TRPV4. J. Neurosci. 22, 6408–6414.
[8] Gao, X., Wu, L. and O’Neil, R.G. (2003) Temperature-modulated diversity of
TRPV4 channel gating: activation by physical stresses and phorbol ester
derivatives through protein kinase C-dependent and -independent pathways.
J. Biol. Chem. 278, 27129–27137.
[9] Chung, M.K., Lee, H., Mizuno, A., Suzuki, M. and Caterina, M.J. (2004) TRPV3
and TRPV4 mediate warmth-evoked currents in primary mouse keratinocytes.
J. Biol. Chem. 279, 21569–21575.[10] Loukin, S., Zhou, X., Kung, C. and Saimi, Y. (2008) A genome-wide survey
suggests an osmoprotective role for vacuolar Ca2+ release in cell wall-
compromised yeast. FASEB J. 22, 2405–2415.
[11] Batiza, A.F., Schulz, T. and Masson, P.H. (1996) Yeast respond to hypotonic
shock with a calcium pulse. J. Biol. Chem. 271, 23357–23362.
[12] Mumberg, D., Muller, R. and Funk, M. (1995) Yeast vectors for the controlled
expression of heterologous proteins in different genetic backgrounds. Gene
156, 119–122.
[13] Grey, M. and Brendel, M. (1992) A ten-minute protocol for transforming
Saccharomyces cerevisiae by electroporation. Curr. Genet. 22, 335–336.
[14] Voets, T. et al. (2002) Molecular determinants of permeation through the
cation channel TRPV4. J. Biol. Chem. 277, 33704–33710.
[15] Loukin, S.H., Kung, C. and Saimi, Y. (2007) Lipid perturbations sensitize
osmotic down-shock activated Ca2+ inﬂux, a yeast ‘‘deletome” analysis. FASEB
J. 21, 1813–1820.
[16] Gustin, M.C., Zhou, X.L., Martinac, B. and Kung, C. (1988) A mechanosensitive
ion channel in the yeast plasma membrane. Science 242, 762–765.
[17] Huyer, G., Longsworth, G.L., Mason, D.L., Mallampalli, M.P., McCaffery, J.M.,
Wright, R.L. and Michaelis, S. (2004) A striking quality control
subcompartment in Saccharomyces cerevisiae: the endoplasmic reticulum-
associated compartment. Mol. Biol. Cell 15, 908–921.
[18] Myers, B.R., Bohlen, C.J. and Julius, D. (2008) A yeast genetic screen reveals a
critical role for the pore helix domain in TRP channel gating. Neuron 58, 362–
373.
[19] Clapham, D.E. (2003) TRP channels as cellular sensors. Nature 426, 517–524.
[20] Kahn-Kirby, A., Dantzker, J.L.M., Apicella, A.J., Schafer, W.R., Browse, J.,
Bargmann, C.I. and Watts, J.L. (2004) Speciﬁc polyunsaturated fatty acids
drive TRPV-dependent sensory signaling in vivo. Cell 119, 889–900.
[21] Rock, M.J. et al. (2008) Gain-of-function mutations in TRPV4 cause autosomal
dominant brachyolmia. Nat. Genet. 40, 999–1003.
[22] Goffeau, A. et al. (1996) Life with 6000 genes (see comment). Science 274, 546.
[23] Trotter, P.J. (2001) The genetics of fatty acid metabolism in Saccharomyces
cerevisiae. Annu. Rev. Nutr. 21, 97–119.
[24] Aguilar, P.S. and de Mendoza, D. (2006) Control of fatty acid desaturation: a
mechanism conserved from bacteria to humans. Mol. Microbiol. 62, 1507–
1514.
[25] Carrillo-Tripp, M. and Feller, S.E. (2005) Evidence for a mechanism by which
omega-3 polyunsaturated lipids may affect membrane protein function.
Biochemistry 44, 10164–10169.
[26] Honore, E. (2007) The neuronal background K2P channels: focus on TREK1.
Nat. Rev. Neurosci. 8, 251–261.
[27] Martinac, B., Adler, J. and Kung, C. (1990) Mechanosensitive ion channels of
E. coli activated by amphipaths. Nature 348, 261–263.
[28] Dong, X.P., Cheng, X., Mills, E., Delling, M., Wang, F., Kurz, T. and Xu, H. (2008)
The type IV mucolipidosis-associated protein TRPML1 is an endolysosomal
iron release channel. Nature 455, 992–996.
[29] Xu, H., Delling, M., Li, L., Dong, X. and Clapham, D.E. (2007) Activating
mutation in a mucolipin transient receptor potential channel leads to
melanocyte loss in varitint-waddler mice. Proc. Natl. Acad. Sci. USA 104,
18321–18326.
[30] Delany, N.S. et al. (2001) Identiﬁcation and characterization of a novel human
vanilloid receptor-like protein, VRL-2. Physiol. Genomics 4, 165–174.
